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ABSTRACT
The black hole candidate EXO 1846-031 underwent an outburst in 2019, after at least 25 years in
quiescence. We observed the system using NuSTAR on August 3rd, 2019. The 3–79 keV spectrum
shows strong relativistic reflection features. Our baseline model gives a nearly maximal black hole
spin value of a = 0.997+0.001−0.002 (1σ statistical errors). This high value nominally excludes the possibility
of the central engine harboring a neutron star. Using several models, we test the robustness of our
measurement to assumptions about the density of the accretion disk, the nature of the corona, the
choice of disk continuum model, and addition of reflection from the outer regions of the accretion disk.
All tested models agree on a very high black hole spin value and a high value for the inclination of the
inner accretion disk of θ ≈ 73◦. We discuss the implications of this spin measurement in the population
of stellar mass black holes with known spins, including LIGO events.
Keywords: accretion, accretion disks – black hole physics – individual (EXO 1846-031) – X-rays:
binaries
1. INTRODUCTION
Relativistic disk reflection (e.g., Brenneman &
Reynolds 2006; Miller & Miller 2015) is a pragmatic
tool for measuring black hole spin, in part because it re-
quires no knowledge of the black hole mass and distance.
For these reasons, it is applicable across the black hole
mass scale. The main feature of the relativistic reflec-
tion spectrum is Fe K fluorescence, merely due to the
high abundance and fluorescence yield of iron (George
& Fabian 1991). If the gas is neutral, the line is pre-
dicted at 6.4 keV. If the gas is ionized, the line is de-
tected at progressively higher energies, up to 6.97 keV
for H-like Fe XXVI. The relativistic Doppler shifts and
gravitational red-shifts experienced by gas orbiting in
the innermost accretion disk cause the profile of the Fe
K emission lines to be “blurred” (see Fabian et al. 2000;
Reynolds & Nowak 2003; Miller 2007 ). Since the size
of the Innermost Stable Circular Orbit (ISCO) decreases
with increasing black hole spin (e.g., Bardeen et al. 1972;
Novikov & Thorne 1973), the extremity of the blurring
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encodes the radius of the ISCO and therefore the spin
of the black hole.
A fundamental assumption in all measurements of
black hole spin is that a standard, optically thick, geo-
metrically thin accretion disk (Shakura & Sunyaev 1973)
extends to the ISCO, and that any gas at smaller radii
is on plunging orbits and is optically thin (Reynolds
& Fabian 2008). In this circumstance, there would be
a clear dividing line between the region that is trans-
parent to incident X-rays, and the optically thick disk
that is reflective. It is not currently possible to verify
if real fluid disks obey the ISCO defined for test parti-
cles. However, independent numerical simulations sug-
gest that the necessary circumstance holds below a frac-
tion of the Eddington limit (e.g., Reynolds & Fabian
2008; Shafee et al. 2008). In recent observations of the
black hole candidate MAXI J1820+070, Fabian et al.
2020 noted a small degree of extra thermal emission that
could originate at the inner edge of the plunging region,
potentially consistent with non-zero torques. However,
even in this source, a stable and typical disk reflection
spectrum is observed over considerable changes in flux
(Buisson et al. 2019), suggesting that the inner edge of
the reflective disk is still determined by gravity.
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Particularly in view of the growing number of binary
black hole mergers detected with LIGO (see e.g., Farr
et al. 2020), it is important to determine the spin distri-
bution of stellar-mass black holes with ordinary stellar
companions. Already, the distribution appears to be
skewed toward very high spin values, perhaps indica-
tive of formation in gamma-ray bursts (e.g., Miller et al.
2011) or caused by an observational bias towards de-
tection of high spin black holes (e.g., Vasudevan et al.
2016). This distribution may also point to solid-body ro-
tation in black hole progenitor stars in order to explain
the observed angular momenta, providing a rare but in-
direct insight into the most massive stars. Comparing
the black hole spin distribution in standard X-ray bina-
ries to the distribution inferred from black holes in LIGO
events, both pre-merger and post-merger, can help to re-
veal relationships between these populations and the as-
trophysics underlying any significant disparities. Since
the absolute number of stellar-mass black holes is still
fairly small, every source contributes to these goals. Es-
pecially for X-ray binaries that lie close to the Galactic
plane, where line-of-sight obscuration may foil attempts
to measure the black hole mass via optical techniques
and spins via disk continuum measurements (e.g., Mc-
Clintock et al. 2006; Liu et al. 2008; Gou et al. 2010),
disk reflection is the most viable way forward.
EXO 1846-031 was discovered on April 3rd 1985 dur-
ing a slew maneuver of the EXOSAT mission (Parmar &
White 1985). Searches for the optical counterpart failed
(Wenzel & Huth 1985). Based on our fits, at least (see
below), this is likely the result of a very high column
along the line of sight. Later, based on its X-ray spec-
trum from the 1985 EXOSAT observation, composed of
an ultra-soft component and a high-energy power-law
tail, Parmar et al. 1993 argued that this object is a Low
Mass X-ray Binary (LMXB) system that likely harbors
black hole. A second outburst of EXO 1846−031 may
have been observed with CGRO/BATSE (Zhang et al.
1994). The source was not detected with any moni-
tor since at least 1994. However, on July 23rd 2019,
MAXI detected a hard X-ray transient consistent with
the location of EXO 1846-031 (Negoro et al. 2019), in-
dicating a new outburst. The source was soon localized
using the Neil Gehrels Swift observatory (Mereminskiy
et al. 2019). This facilitated follow-up in radio bands:
EXO 1846−031 was detected at 5.25 and 7.45 GHz
(2.54±0.03 mJy, and 2.42±0.03 mJy, respectively) us-
ing the VLA (Miller-Jones et al. 2019), and at 1.28 GHz
with MeerKAT (Williams et al. 2019).
By virtue of its pass band, sensitivity, and ability to
observe very bright sources, NuSTAR (Harrison et al.
2013) is the best observatory for studying disk reflection
in black holes and neutron stars, and for constraining
black hole spin and stellar radii in these systems (e.g.,
King et al. 2014; El-Batal et al. 2016; Xu et al. 2020;
Tao et al. 2019). Motivated by the opportunity to mea-
sure the fundamental properties of a stellar-mass black
hole, we requested a TOO/DDT observation with NuS-
TAR. In Section 2, we detail the data reduction and
preparation that was undertaken. Section 3 describes
the spectral modeling and results. In Section 4, we dis-
cuss the results in light of other recent efforts to measure
black hole spin parameters.
2. OBSERVATIONS AND DATA REDUCTION
NuSTAR observed EXO 1846-031 on August 3rd 2019
starting at 02:01:09 UT, under ObsID 90501334002. A
net exposure of 22.2 ks was obtained, with an average of
approximately 280 counts/second when combining the
FPMA and FPMB sensors. The light curve in Figure 1
shows a lack of strong variability in the count rate (e.g.,
no evidence of flares, dips, or state transitions) making
it safe to characterize the source properties through fits
to the time-averaged spectra.
The data were reduced using the routines in HEA-
SOFT v6.26.1 through the NuSTARDAS pipeline v1.8.0
and CALDB v20190812. Source spectra were extracted
from circular regions (centered on the known source po-
sition) with radii of 180′′ in the two FPM sensors. Re-
gions of the same size were used for extraction of back-
ground events. The resulting spectra were grouped using
the “ftool” grppha, such that each energy bin contains
at least 30 counts.
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Figure 1. Light curve of the observation. For clarity, only
one tenth of the points were plotted.
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3. ANALYSIS AND RESULTS
All spectral fitting was performed using XSPEC
v12.10.1n (Arnaud 1996). The fits were made across the
full NuSTAR energy band (3–79 keV). The FPMA and
FPMB spectra (top panel of Figure 2) were fit jointly.
The quality of the fit was measured using χ2 statistics,
appropriate to the high signal in each bin.
As a first step, we fit the spectra with an absorbed
cut-off power-law (TBabs*cutoffpl); a very poor fit re-
sulted (χ2/ν=8525.80/2601 = 3.28, where ν is the num-
bers of degrees of freedom). This initial attempt returns
a power-law index of Γ=2.04 and a high energy cut-off
at ∼200 keV, but strong residuals remain (see panel b in
Figure 2). The unmodeled features are consistent with
strong relativistic disk reflection, including an Fe K line
complex and a broad flux excess in the 20–40 keV range.
The strength and breadth of the residuals suggests that
the disk likely extends to the ISCO, or at least to very
small radii.
In order to account for the reflection features, the
spectra were next fit with relxill v1.2.1 (Dauser et al.
2013; Garc´ıa et al. 2014). This model is the standard
in recent efforts to measure relativistic disk reflection,
and is powerful in that it now has variants that enable
examinations of the corona, the density of the gas in the
accretion disk, and more. The cut-off power-law model
also failed to capture some low-energy flux; this could
be the effect of the χ2 minimization balancing positive
and negative residuals, but it could represent continuum
emission from the disk reaching above 3 keV. There-
fore, we also included a diskbb component (Mitsuda
et al. 1984), to describe any weak emission from the disk
above 3 keV. The interstellar absorption was accounted
for through the multiplicative component TBabs (Wilms
et al. 2006), using the abundances described by Wilms
et al. 2000.
The relxill component parameters include the spin
of the black hole, a = cJ/GM2 (−1 ≤ a ≤ 1), the in-
clination at which the reflector is viewed (here, it is im-
portant to note that this is the inclination of the inner
disk, not necessarily the binary system), the power-law
index of the illuminating flux (Γ), the cut-off energy of
the power-law (Ecut), the ionization of the reflector (ξ
1), and the iron abundance of the reflector (AFe, mea-
sured relative to the solar value). The relxill model
can also nominally measure the inner and outer radius
of the accretion disk, independently of the spin param-
eter. In all fits, we found that the inner radius was
1 ξ = L/nr2, where L is the luminosity of the source, n is the
hydrogen number density of the reflector, and r is the distance
between the source and reflector
consistent with the ISCO, so we fixed rin = 1.0 rISCO
in this and all other fits with relxill. Similarly, we
fixed the outer radius to a value just shy of its maxi-
mum (rout = 990 GM/c
2, whereas the nominal maxi-
mum value is 1000 GM/c2) in order to avoid numerical
artifacts. In this basic version of relxill, the geome-
try of the corona is not prescribed, and the emissivity is
treated as a broken power-law: J ∝ r−q1 for r < rbreak,
and J ∝ r−q2 for r > rbreak. This is a simplified mathe-
matical form that may eventually be supervened by very
sensitive spectra, but it broadly adheres to ray-tracing
studies of the emissivity close to spinning black holes
(e.g., Wilkins et al. 2020). Finally, relxill also in-
cludes a “reflection fraction” parameter. In other reflec-
tion models (e.g., pexmon, Nandra et al. 2007), this pa-
rameter has a geometric interpretation, but in relxill
this is a scale factor that, in this case, proved to be de-
generate with the component normalization, so it was
fixed to unity. The diskbb component has only two pa-
rameters, the color temperature of the disk (kT ) and
a flux normalization. It is important to note that the
diskbb component does not include a zero-torque in-
ner boundary condition (Zimmerman et al. 2005). The
TBabs component has only one parameter, the equiva-
lent neutral hydrogen column density (NH).
For this object, the line-of-sight column density is so
high (≥ 1023) that most of the spectrum below 2-3 keV
is unavailable. Due to this, any observations using the
Swift X-ray telescope (XRT) Burrows et al. 2007 or
the Neutron star Interior Composition Explorer Mission
(NICER) X-ray telescope (Gendreau et al. 2012) would
not offer any advantage in extending the NuSTAR pass
band.
This model yielded a vastly improved fit over the cut-
off power-law: χ2/ν=2897.29/2592=1.12. The residuals
are shown in panel c of Figure 2. The reflection spec-
trum has clearly been modeled extremely well, but a
negative flux residual is evident at approximately 7 keV
in both the FPMA and FPMB sensors. Disk winds are
seen in the spectra of stellar-mass black holes viewed at
moderate and high inclinations, when the disk is impor-
tant. For instance, a qualitatively similar feature was
seen in 4U 1630−472 (King et al. 2014). In that case,
NuSTAR was also able to effectively separate and mea-
sure the disk reflection and disk wind features. To model
the feature in EXO 1846−031, a simple additive Gaus-
sian absorption line was introduced. This produced an
improvement of ∆χ2 = 49 through the addition of three
extra parameters, indicating that the Gaussian absorp-
tion line is significant at the 6σ level of confidence.
Additionally, the spectrum shows a difference between
the two FPM NuSTAR sensors at low energies. This in-
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crease in flux in FPMA is caused by a tear in its thermal
blanket, described by Madsen et al. 2020. To account
for this difference, we used the prescription described by
Madsen et al. 2020. We fit the spectra allowing a con-
stant offset between FPMA and FPMB spectra, ignoring
the 3–7 keV band of FPMA. Upon fixing the multiplica-
tive constant between the two sensors and including the
3–7 keV FPMA signal, we added a multiplicative table
component provided by Madsen et al. 2020, fixing the
MLI covering fraction of FPMB to 1 and allowing the
covering fraction of FPMA to vary. Fitting the complete
model again for the entire 3–79 keV NuSTAR band gives
a covering fraction of FPMA of ∼ 0.88. We regard this
as our baseline model, and in XSPEC parlance it can be
written: mtable{nuMLIv1.mod}*constant*TBabs*
(diskbb+relxill+gaussian). The residuals of the fit
using this model are shown in panel d of Figure 2 and
the model in relation to the spectra in panel a. This
fit produces χ2/ν=2726.24/2588=1.05. Even upon this
addition to the model, the Gaussian component remains
significant at the 6σ level of confidence. This improve-
ment to the model does not influence any of the param-
eter estimates.
The “best fit” parameter values were determined
through χ2 minimization. These predictions were used
for initial values for the prior distributions in MCMC
chains 2. The chains were run with 100 walkers for
105 steps, with an equally long burn-in, and trimmed
to exclude the chains that obviously did not converge
to a solution. The trimmed chains were used as a pro-
posal distribution for a new set of chains, which were
run for a total of 3 × 106 steps, with no burn-in. This
approach was used in order to avoid introducing any
bias in the proposal distribution for the samples. The
values presented in this paper represent medians across
the chain samples, and the errors represent the ±1σ lim-
its on the distributions of each parameter in the chain.
These errors are purely statistical, with the systematic
errors likely being much larger and primarily driven by
uncertainties in whether or not the disk adheres to the
test particle ISCO. While running the χ2 minimization,
the parameters of the Gaussian absorption line around
7 keV were allowed to vary. Due to the lack of de-
generacy between the parameters of the Gaussian line
and the other parameters of the models, for simplic-
ity, for the MCMC chains they were fixed to the best
fit value. The χ2 and degrees of freedom reported in
this paper are the values obtained from χ2 minimiza-
2 The XSPEC EMCEE implementation written by Zoghbi A. was
used: https://zoghbi-a.github.io/xspec emcee/
tion, including the free parameters for the gaussian and
mtable{nuMLIv1.mod}*constant components. The fit
parameters of this model are shown in column 1 of Ta-
ble 1, and the model compared to the data in panels
a and d in Figure 2. For reference, the corner plot of
the parameters of the relxill component in model 1 is
given in Figure 5 in Appendix A. Importantly, there are
no obvious degeneracies between the model parameters.
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Figure 2. Panel a shows the spectrum of EXO 1846-031.
The blue points represent the data from the FPMA sen-
sor of NuSTAR, maize points are the data from the FPMB
sensor. For model fitting, the spectra were grouped to re-
quire at least 30 counts per bin; additional binning was used
in this plot for visual clarity only. The red line shows the
mtable{nuMLIv1.mod}*constant*TBabs*(diskbb+relxill+
gaussian) model, with the green line representing the
contribution of the diskbb component and the cyan
line the one of the relxill component. Panel
b shows the residuals in terms of sigma for the
TBabs*cutoffpl model. Panel c shows the residuals for
the TBabs*(diskbb+relxill) model, and panel d is for
mtable{nuMLIv1.mod}*constant*TBabs*(diskbb+relxill+
gaussian), which we regard as our “baseline” model.
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The continuum parameters achieved with the baseline
model suggest that we observed EXO 1846−031 in a
hard intermediate state. The disk temperature is fairly
low, kT = 0.43 ± 0.01 keV, projecting only a small
amount of flux into the NuSTAR band. The power-
law index is moderate, Γ = 2.00 ± 0.01. The high cut-
off energy, Ecut = 198
+5
−6 keV, is typical of such states
and suggests that a combination of thermal and non-
thermal processes may power the corona. Non-thermal
processes such as magnetic heating enable the corona to
be compact. This is consistent with the high value of
the inner emissivity that is also measured in the base-
line model (q1 = 7 ± 1), based on models that strong
light bending and time delays result from compact coro-
nae close to rapidly spinning black holes (e.g., Wilkins
& Fabian 2012, however, see Svoboda et al. 2012 and
Kammoun et al. 2019). It is also interesting to note
that the model does not require an enhanced iron abun-
dance (AFe = 0.86± 0.05). Some fits to black hole spec-
tra with this variant of relxill require highly elevated
abundances; this is potentially the result of modeling
with a disk density that is too low (e.g., Tomsick et al.
2018).
Most importantly, the baseline model predicts a near
maximal and well-constrained spin parameter: a =
0.997+0.001−0.002. The inclination of the inner disk is also
very well constrained, to 73◦ ± 2◦. These parameters
can be partly degenerate, since both gravitational red-
shifts and relativistic Doppler shifts create line asym-
metry. They are not fully degenerate since it is the
extremity of gravitational red-shifting that drives the
spin determination, and the location of the blue horn
of the Fe K fluorescence complex that drives the incli-
nation measurement. The bottom left panel of Figure
3 shows the 1, 2, and 3σ confidence intervals (in red,
blue and green) on the spin measurement of our base-
line model, with relation to the inclination of the inner
disk. The 1-D histograms show the posterior samples
of the two parameters in the MCMC chain. The distri-
bution of the samples for the spin falls almost entirely
above 0.990 and the mode of the distribution indicates
an even higher value than median of the 3 × 106 sam-
ples. There appears to be no degeneracy between the
two parameters.
In order to understand the nature of the inner accre-
tion flow in EXO 1846−031 as well as possible, and to
further test the very high spin value, we explored fits
with a total of eleven other models. Their results are
presented fully in Table 1. The variation of some pa-
rameters of interest between models is shown in Figure
4. The models can be loosely grouped into examinations
of the corona and emissivity, the assumed disk density,
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Figure 3. Histogram of the spin-inclination parameter space
for the mtable{nuMLIv1.mod}*constant*TBabs*(diskbb+
relxill+gaussian) model. In the lower left panel, the red,
blue and green contours represent lines of 1,2, and 3 σ. The
top left and lower right panels show the 1-D histogram of
the parameters. The yellow line represents the median of the
distribution and the red lines represent the ±1σ confidence
limits of the median. The top right panel represents the
spin-inclination parameter space for the models presented in
Table 1. The black dashed line shows the maximum theo-
retical prediction for spin of a black hole with a thin disk of
0.998 (Thorne 1974). Models 9 and 10 are omitted.
the role of reflection from the outer disk, and the model
used to describe thermal emission from the accretion
disk itself:
• Models 2 and 3 explore the dependence of the spin
results and overall fit on the assumed nature of the hard
X-ray corona. Specifically, Model 2 fixes the outer emis-
sivity index at the Euclidean value of q2 = 3, and Model
3 fixes the breaking radius of the broken emissivity func-
tion at Rbr = 6rg, corresponding to the ISCO for a zero-
spin black hole.
• Models 4, 5, and 6 test the dependence of the fit on
the assumed density of the accretion disk (predicted
by Garc´ıa et al. 2016). While models 1, 2, and 3
have a built-in fixed density of log(n) = 15 (cm−3),
by switching the relxill component with relxillD,
the full density parameter space was probed by fixing
log(n) = 15, 17, and 19 in models 4, 5, and 6.
• In other sources, there are indications of warps in the
inner or outer disk that may contribute to the overall
reflection spectrum (e.g., Miller et al. 2018). Model 7
therefore tests the possibility that reflection from the
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Table 1. Results
model #1. relxill #2. relxill #3. relxill #4. relxillD #5. relxillD #6. relxillD #7. relxill #8. relxillCp
parameters (q2 = 3) (Rbr = 6) (n=15) (n=17) (n=19) +xillver
cfA 0.884
+0.009
−0.009∗ 0.883+0.008−0.009∗ 0.883+0.009−0.008∗ 0.884+0.009−0.013∗ 0.884+0.009−0.012∗ 0.883+0.009−0.009∗ 0.887+0.008−0.009∗ 0.884+0.009−0.009∗
constA 0.991
+0.001
−0.001∗ 0.991+0.001−0.001∗ 0.991+0.001−0.001∗ 0.991+0.001−0.001∗ 0.991+0.001−0.002∗ 0.991+0.001−0.001∗ 0.992+0.001−0.001∗ 0.991+0.001−0.001∗
NH (×1022 cm−2) 11.0+0.5−0.5 11.5+0.4−0.4 11.0+0.5−0.5 11.9+0.5−0.5 11.8+0.5−0.5 11.5+0.5−0.5 9.3+0.5−0.5 10.8+0.5−0.5
kTin (keV) 0.43
+0.01
−0.01 0.44
+0.01
−0.01 0.43
+0.01
−0.01 0.41
+0.01
−0.01 0.41
+0.01
−0.01 0.42
+0.01
−0.01 0.42
+0.01
−0.01 0.42
+0.01
−0.01
normd (×104) 3.9+0.7−0.6 3.5+0.4−0.4 3.9+0.6−0.7 6.2+0.7−0.8 5.9+0.7−0.8 4.9+0.6−0.6 3.1+0.7−0.5 4.2+0.7−0.6
q1 7.3
+0.8
−0.8 9.5
+0.4
−0.9 7.5
+0.8
−0.7 7.4
+0.7
−0.7 7.8
+0.7
−0.8 9.0
+0.5
−0.7 9.0
+0.8
−1.5 5.9
+0.6
−0.5
q2 0.7
+0.4
−0.4 3∗ 1.0+0.2−0.3 1.1+0.4−0.6 0.7+0.5−0.5 0.5+0.5−0.4 q1∗ 0.6+0.4−0.4
Rbr (rg) 8
+3
−2 9
+3
−3 6∗ 6+4−2 8+3−2 7+2−2 10∗ 13+5−4
a 0.997+0.001−0.002 0.984
+0.003
−0.005 0.997
+0.001
−0.002 0.998−0.001 0.998−0.001 0.998−0.001 0.986
+0.004
−0.008 0.996
+0.001
−0.004
Incl (◦) 73+2−1 72
+1
−2 74
+2
−1 74
+2
−1 74
+2
−2 74
+1
−1 73
+2
−3 69
+2
−2
Γ 2.00+0.01−0.01 1.99
+0.01
−0.01 2.00
+0.01
−0.01 2.10
+0.01
−0.01 2.10
+0.01
−0.01 2.09
+0.01
−0.01 2.03
+0.02
−0.02 2.05
+0.01
−0.01
Log(ξ) 3.48+0.04−0.03 3.54
+0.05
−0.05 3.47
+0.04
−0.03 3.34
+0.03
−0.02 3.31
+0.03
−0.04 3.03
+0.04
−0.04 3.52
+0.07
−0.07 (1.0
+0.9
−0.7) 3.53
+0.05
−0.04
AFe 0.86
+0.05
−0.05 0.87
+0.05
−0.05 0.86
+0.05
−0.06 0.62
+0.05
−0.05 0.58
+0.04
−0.04 0.62
+0.02
−0.02 0.71
+0.04
−0.04 0.74
+0.04
−0.04
Ecut/kTe (keV) 198
+5
−6 200
+5
−5 198
+5
−6 300∗ 300∗ 300∗ 190+10−12 225+61−40
Log(n) 15∗ 15∗ 15∗ 15∗ 17∗ 19∗ 15∗ 15∗
normr (×10−3) 9.2+0.2−0.2 9.0+0.2−0.1 9.1+0.2−0.2 11.9+0.5−0.5 12.2+0.4−0.5 12.4+0.5−0.6 7.6+0.4−0.4 (7+2−1) 9.5+0.2−0.2
Eg (keV) 6.99
+0.03
−0.03∗ 7.03+0.08−0.04∗ 6.98+0.03−0.03∗ 6.97+0.03−0.03∗ 6.96+0.03−0.03∗ 6.95+0.03−0.02∗ 7.08+0.04−0.04∗ 6.97+0.04−0.04∗
σg (×10−2 keV) 8+4−8∗ 7+8−7∗ 8+5−8∗ 5+6−5∗ 4+6−4∗ 9+4−5∗ 1+10−1 ∗ 10+4−7∗
normg (×10−4) −5.0+0.6−0.6∗ −3.6+0.5−0.5∗ −5.0+0.6−0.7∗ −4.7+0.6−0.6∗ −4.5+0.6−0.6∗ −6.0+0.6−0.7∗ −2.7+0.5−0.5∗ −5.2+0.9−1.3∗
χ2/ν
2726/2588
(1.05)
2788/2589
(1.08)
2727/2589
(1.05)
2786/2589
(1.08)
2787/2589
(1.08)
2761/2589
(1.07)
2719/2588
(1.05)
2722/2588
(1.05)
model #9. relxilllp #10. relxilllpCp model #11. relxill model #12. reflionx hd
parameters parameters +kerrbb parameters +diskbb
cfA 0.872
+0.009
−0.009∗ 0.884+0.009−0.009∗ cfA 0.881+0.009−0.009∗ cfA 0.888+0.009−0.009∗
constA 0.990
+0.001
−0.001∗ 0.991+0.001−0.001∗ constA 0.991+0.001−0.001∗ constA 0.992+0.001−0.001∗
NH (×1022 cm−2) 11.1+0.5−0.5 8.1+0.8−0.5 NH (×1022 cm−2) 11.5+0.3−0.4 NH (×1022 cm−2) 12.6+0.5−0.4
kTin (keV) 0.46
+0.01
−0.01 0.41
+0.02
−0.02 η 0.2
+0.2
−0.1 kTin (keV) 0.40
+0.01
−0.01
normd (×104) 2.4+0.4−0.3 2.7+1.0−0.5
Mbh(M)
Mdd (10
15g/s)
9+5−4
2+3−1
normd (×104) 9.1+1.3−0.9
· · · · · · · · · Dbh (kpc)
fcol
7∗
1.62+0.04−0.04
normcutoffpl 3.69
+0.05
−0.04
· · · · · · · · · q1
q2
5.2+0.4−0.5
0.9+0.4−0.4
q1
q2
6.8+2.7−1.3
0.6+0.8−0.5
h (rg) 24
+6
−4 69
+18
−19 Rbr (rg) 16
+7
−5 Rbr (rg) 12
+8
−3
a 0.2+0.5−0.6 0.1
+0.7
−0.7 a 0.995
+0.002
−0.006 a 0.986
+0.007
−0.003
Incl (◦) 63+2−2 72
+1
−1 Incl (
◦) 68+1−1 Incl (
◦) 72+2−2
Γ 1.97+0.01−0.01 2.01
+0.01
−0.01 Γ 1.98
+0.01
−0.01 Γ 2.30
+0.01
−0.01
Log(ξ) 3.63+0.03−0.03 3.54
+0.04
−0.03 Log(ξ) 3.62
+0.04
−0.07 Log(ξ) 2.21
+0.09
−0.07
AFe 1∗ 1∗ AFe 1∗ AFe 1∗
Ecut/kTe (keV) 132
+6
−5 37
+3
−2 Ecut (keV) 196
+6
−8 Ecut (keV) 300∗
Log(n) 15∗ 15∗ Log(n) 15∗ Log(n) 20.0+0.2−0.7
normr (×10−3) 21.4+0.7−0.5 21.08+0.4−0.3 normr (×10−3) 9.2+0.2−0.2 normreflionx (×10−3) 82+21−7
Eg (keV) 7.04
+0.04
−0.03∗ 7.09+0.03−0.04∗ Eg (keV) 6.99+0.03−0.03∗ Eg (keV) 6.92+0.02−0.04∗
σg (×10−2 keV) 4+4−3∗ 16+4−3∗ σg (×10−2 keV) 2+6−2∗ σg (×10−2 keV) 13+3−3∗
normg (×10−4) −5.5+1.1−1.1∗ −7.3+0.6−0.7∗ normg (×10−4) −4.3+0.5−0.6∗ normg (×10−4) −9.4+0.2−0.3∗
χ2/ν
2823/2591
(1.09)
2755/2591
(1.06)
χ2/ν
2736/2586
(1.06)
χ2/ν
2720/2588
(1.05)
Note—*represents a parameter fixed in the fit. Subscripts d, r and g correspond to the different components of the model: diskbb, relxill (or
same family), and gaussian. For model 7, the numbers reported in parentheses correspond to the xillver component. In the Ecut/kTe row, Ecut
corresponds to the relxill, relxillD, or relxilllp models, while kTe to the relxillCp or relxilllpCp models.
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outer regions of the disk, with lower ionization, might
contribute to the overall reflection spectrum in EXO
1846−031. This test was implemented by linking the
inner and outer emissivity indices (q1 = q2), and fixing
Rbr to an arbitrary value – turning the emissivity pro-
file of relxill to an unbroken power-law. For consis-
tency, any distant reflection flux was modeled by adding
xillver to the model. The parameters of xillver in
model 7 are linked to those of relxill, with the excep-
tion of the ionization parameter and the normalization
of the component.
• The basic relxill model describes the emmisivity of
the corona as a power-law of index Γ with a high en-
ergy cut-off Ecut. A more accurate description of the
emissivity of a hot corona can be achieved through a
thermal Comptonization continuum. Model 8 replaces
the relxill component with relxillCp, which com-
putes the coronal illuminaiton continuum using nthComp
(Zdziarski et al. 1996; Z˙ycki et al. 1999). The high en-
ergy cut-off Ecut parameter is replaced by the electron
temperature in the corona kTe.
• Whereas allowing the emissivity parameters to vary
(e.g., in Models 1-6) essentially allows one to reverse-
engineer the characteristics of the primary hard X-
ray corona, it is also practical to consider the ef-
fects of an assumed, self-consistent primary corona.
Models 9 and 10 assume a “lamppost” geometry for
the corona by replacing relxill with relxilllp
and relxilllpCp, which assume the coronal illumi-
nation to be described by a cut-off power-law and
thermal Comptonization, respectively. The com-
plete models are mtable{nuMLIv1.mod}*constant*
TBabs*(diskbb + relxilllp + gaussian) and
mtable{nuMLIv1.mod}*constant* TBabs*(diskbb +
relxilllpCp + gaussian). Due to the inability of
these models to constrain the Fe abundance, this has
been fixed to the solar one.
• The diskbb component is a commonly used model,
but one that lacks important physics. New disk mod-
els include key physics, and also permit black hole spin
constraints. In some cases, it has been possible to fit
spectra with disk continuum and disk reflection models
with linked spin parameters (e.g., Miller et al. 2009).
Model 11 therefore also uses relxill, but replaces a
highly simplified treatment of the accretion disk with
a relativistic one, by replacing diskbb with kerrbb (Li
et al. 2005). The spin and inclination parameters in
kerrbb were tied to the ones in relxill. The distance
to EXO 1846−031 was fixed at the value of 7 kpc esti-
mated by Parmar et al. 1993. This checks whether the
fit achieved with Model 1 is affected by the unphysical
assumptions of the diskbb component. However, Model
11 offers an additional benefit: if the black hole distance
and spin are known, it is nominally possible to constrain
the mass of the black hole using kerrbb. Similarly to
Models 9 and 10, the Fe abundance is fixed to unity in
this model.
•While Models 4–6 probe densities between log(n) = 15
and log(n) = 19, even higher densities can be tested by
changing the relxill components to reflionx (Ross
& Fabian 2005). In particular, we used the high den-
sity model reflionx hd produced by Tomsick et al.
2018 using the code provided by Ross & Fabian 2007.
We replaced the relxill component of our baseline
model with relconv(cutoffpl+reflionx hd), where
the reflionx hd describes the reflection component of
the spectrum and cutoffpl describes the direct com-
ponent. These two are convolved with relativistic ac-
cretion disk line profiles using relconv (Dauser et al.
2010). The reflionx hd model was built to have fixed
AFe = 1 and Ecut = 300 keV . The complete Model
12 is mtable{nuMLIv1.mod}*constant*TBabs*(diskbb
+ relconv(cutoffpl + reflionx hd) + gaussian).
The parameters of the fits are highly consistent be-
tween all of the models. The power-law index is close to
Γ = 2 except for Models 4–6, where it is only ∆Γ = 0.1
steeper, and for Model 12, where ∆Γ = 0.3. Where
the variant of relxill allowed the high energy cut-off
to vary, it remained high in all cases. Models 4–6 fix
this at 300 keV, producing slightly worse fits when com-
pared to our baseline model. This again is suggesting
a hybrid and likely compact corona, as a high temper-
ature requires a small size for gas to be bound to the
black hole. In all cases, the disk temperature remains
low, kT ≤ 0.46 keV. The Fe abundance is sub-solar in
all cases, ranging between 0.58 and 0.87. The estimated
ionization of the disk (log ξ) takes large values, between
∼ 3.30 − 3.60, broadly consistent with recent prior re-
sults using similar models. The lowest ionization values
(log ξ = 3.03 and log ξ = 2.21) are found when the
highest disk density is assumed (log n = 19 in Model 6
and log n = 20 in Model 12). Additionally, the Gaus-
sian component of the models remains significant with
at least 4σ level of confidence.
Model 8 changes the emissivity of the corona, describ-
ing it through the more physical model of a thermal
Comptonization continuum as opposed to a power-law
with a high energy cut-off. The fit is equally good as
our baseline model and all the common parameters are
highly consistent between the two models. The high
measured value of the electron temperature once again
suggests the presence of a hot, compact corona. Merloni
& Fabian 2001 use energetics arguments to show that
the size of black hole coronae powered by hot electrons
8 Draghis et al.
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Figure 4. Change in the predicted values of seven parame-
ters of interest, across models. First panel shows the change
in the hydrogen column density (NH). Second panel shows
the temperature parameter of the diskbb component, where
this component was used. Third panel shows the measured
spin of the black hole, omitting the poor constraints of Mod-
els 9 and 10. The black dashed line represents the upper
limit on the spin of a black hole, of 0.998. Fourth panel
shows the inclination of the inner accretion disk. Fifth and
sixth panels show the power-law index Γ and Log( ξ) respec-
tively. Seventh panel shows the predicted Iron abundance,
AFe, in solar units. In Models 9, 10, 11, and 12, this was
fixed to 1. Last three panels show the predicted parameters
of the Gaussian component of the models.
has to be on the order of 103 rg in order to explain the
observed hard X-ray fluxes. For the most ideal choice
of parameters, given the electron temperature inferred
by Model 8, the minimum size of the corona has to be
at least ∼ 200 rg. This large physical size of the corona
conflicts with the observed variability timescales in black
holes (see e.g., Poutanen & Fabian 1999; Lee et al. 2000;
Fabian et al. 2015). Merloni & Fabian 2001 argue that
in order to account for the sizes inferred through ob-
servations, the energy in the corona must be stored as
magnetic fields generated by a sheared rotator. These
arguments suggest that despite this model producing a
good fit, the thermal Comptonization continuum mod-
els might not offer a good physical explanation of the
processes driving this system.
However, this does not exclude the possibility that the
coronal emission is caused by the very compact base of
a jet and a more extended electron-dominated thermal
corona. This configuration of a corona with a strong
central concentration and a more extended component
can explain the low values predicted for the outer emis-
sivity index q2. Wilkins & Fabian 2012 predict that the
emissivity expected close to a rapidly spinning black hole
is better approximated by a steep emmisivity index q1
at small radii, followed by an almost flat emissivity up
to the outer regions of the disk, where the emissivity
becomes constant, taking the Euclidean value of q3 = 3.
Current models do not yet have this functionality.
The most important outcome of these additional mod-
els is that the spin determination remains very high in
all cases apart from Models 9 and 10, which measure
a = 0.2+0.5−0.6 and a = 0.1
+0.7
−0.7 suggesting that the “lamp-
post” model is unable to constrain the spin of this ob-
ject. The height of the corona (∼ 24 rg and ∼ 69 rg)
predicted by Models 9 and 10 makes it unable to accu-
rately measure spin, as explained by Fabian et al. 2014,
Choudhury et al. 2017, or Kammoun et al. 2018. Simi-
larly, the inclination remains close to θ = 70◦ in all cases
apart from Model 9 (θ = 63◦± 2◦). The top right panel
of Figure 3 shows the spin and inclination measurements
for the different models that were tested. Model 9 yields
a significantly worse fit than our baseline model; indeed,
it is the worst fit of any of the models considered, with
∆χ2 = 97 worse for three extra degrees of freedom, so
it was not included in the figure. Our baseline model
(Model 1) is the overall best fit, in terms of the reduced
χ2 statistic. The addition of distant reflection from the
outer accretion disk is therefore not required by the data,
and there is no evidence for or against a flared or warped
disk in EXO 1846−031.
Model 11 strengthens the predictions of our baseline
model in that it measures consistent values of all of the
reflection parameters; in this sense, the spin determina-
tion is not only independent of coronal properties ac-
counted for by our models, but also independent of the
disk model that is assumed. For the distance of 7 kpc
estimated by Parmar et al. 1993, kererbb provides an
estimate of the mass of the central black hole of 9±5M
(1σ errors). This value cannot be considered as defini-
tive due to the limited low energy sensitivity of NuSTAR
and due to the degeneracy between the parameters of the
kerrbb model. Further measurements of the blackbody
continuum spectrum are required for better constraints
on the mass of the black hole, taking advantage of the
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determination of the relativistic reflection component of
the spectrum of this work.
Replacing the relxill component of our baseline
model with the high density version of reflionx pro-
duces an equally good fit. However, while the pre-
ferred disk density of log(n) = 20 is higher than the
ones probed by relxillD, this parameter appears to be
highly degenerate with the disk ionization ξ and the nor-
malization of the component. Nevertheless, the diskbb
temperature, emissivity profile, spin of black hole and in-
clination of the inner accretion disk are well constrained
and consistent with the predictions of the other models.
4. DISCUSSION
We observed the black hole candidate EXO 1846−031
with NuSTAR during its outburst in late 2019. Ex-
tremely sensitive spectra were obtained. Fits to these
spectra suggest that the source was likely observed in a
hard intermediate state. The most interesting and im-
portant feature of the spectra is a strong, highly skewed
relativistic disk reflection spectrum. Our preferred or
“baseline” spectral model measures a very high black
hole spin parameter, a = 0.997+0.001−0.002, via the well-
known relxill model, with the value being larger than
a = 0.984 at a 5σ confidence. We explored a series of
twelve models in total, allowing for different treatments
of the corona, different disk continua, different values of
the accretion disk density, and the possibility of addi-
tional reflection from the outer accretion disk. In every
case, a very high spin parameter results, indicating that
our key result is particularly robust. Similarly, care-
ful examinations of potential parameter degeneracies in
all models find that the spin and inclination are both
well determined, again indicating a robust spin mea-
surement. Here, we examine some additional strengths
and limitations of our analysis, and attempt to place our
results into a broader context.
The black hole spin parameter implied by our spectral
models is extremely high. Indeed, the values obtained
are at the absolute limit that is theoretically possible.
A black hole cannot have a spin above a = 1 without
violating causality, but other pragmatic considerations
point to a lower functional limit. A rapidly spinning
black hole will tend to capture photons with negative
angular momentum, leading to a limit of a ≤ 0.998
(Thorne 1974). Our results nominally push to this limit.
However, we are only able to report statistical errors
in this work. We have endeavored to understand the
systematic errors incurred through our choice of mod-
els; these appear to be comparable to the statistical er-
rors. However, the dominant source of systematic error
is likely tied to how closely the accretion disk adheres to
the test particle ISCO. If the gas density does not fall
rapidly inside of the ISCO, then the material may still
emit thermal radiation and may still be reflective, bias-
ing spin measurements towards high values. In this case,
systematic errors might allow for a lower spin parameter,
comfortably below the limit set by Thorne 1974.
Numerical simulations suggest that the disk obeys the
test particle ISCO for L/LEdd ≤ 0.3 (see e.g., Frag-
ile et al. 2018). The distance to EXO 1846−031 was
estimated to be 7 kpc by assuming that the flux ob-
served during its 1985 outburst corresponds to a lu-
minosity of 1038 erg/s (Parmar et al. 1993), and we
have estimated the mass of the black hole to be M =
9 ± 5 M. Our baseline model gives an absorbed flux
of F = 1.0 (1.1) × 10−8 erg cm−2 s−1 in the 3–79 (0.5–
100) keV band. This correspond to an unabsorbed flux
F = 1.2 (4.0) × 10−8 erg cm−2 s−1 in the 3–79 (0.5–
100) keV band. These values imply Eddington frac-
tions of 0.06 and 0.25, respectively, and are within the
limit where disks are expected to obey the test parti-
cle ISCO. We note that for the assumed distance, the
black hole mass could be as low as the theoretical up-
per limit for neutron star masses, and still be within
the range wherein disks are expected to obey the test
particle ISCO.
Spin parameters as high as that measured in
EXO 1846−031 may nominally serve as a discriminant
between black holes and neutron stars in X-ray binaries
wherein the primary mass is unknown. Type-I X-ray
bursts, kHz QPOs, and other characteristic phenomena
have not been detected in EXO 1846−031, for instance.
This is merely an absence of evidence for a neutron star;
this is not evidence against a neutron star nor evidence
for a black hole. However, very simple considerations
demand that a neutron star will break-up for a ≥ 0.7
(Lo & Lin 2011). In this sense, the spin measurement
that we have obtained in EXO 1846−031 requires that
the primary is a black hole.
A black hole with an initial spin of a = 0 must ac-
crete at least half its mass to reach a spin parameter
of a = 0.84 (Bardeen 1970). Since stellar-mass black
holes in LMXBs are more massive than their compan-
ion stars, and since very massive stars have extremely
short lifespans, it is unlikely that stellar-mass black holes
can significantly alter their spin parameters. The very
high spin parameter we measure in EXO 1846−031 sug-
gests that the black hole was born with a very high spin.
Simulations of stellar collapse have found that spin pa-
rameters as high as a = 0.9 are possible (see e.g., Heger
et al. 2005). A black hole would need to accrete ∼ 33%
of its initial mass to increase its spin from a = 0.9 to
a = 0.98 (based on the prescription of Belczynski et al.
10 Draghis et al.
2008). This implies that the spin of the black hole in
EXO 1846−031 may require a fortuitous combination
of parameters and effects, potentially including an espe-
cially massive progenitor star, a low progenitor metallic-
ity that prevents extensive mass loss, solid-body rotation
within the star that effectively stores angular momen-
tum, and a collapse that does not translate the angular
momentum into a kick.
The mean of the distribution of black hole spins mea-
sured through the relativistic reflection method has been
estimated to be around a = 0.66 (Miller & Miller 2015).
Still, very high spin values have previously been mea-
sured, such as a = 0.998−0.009 for GS 1354-645 (El-Batal
et al. 2016), or a = 0.985+0.005−0.014 for 4U 1630-472 (King
et al. 2014). In the case of GRS 1915+105, relativistic
disk reflection suggests a spin of a = 0.98+0.01−0.01 (Blum
et al. 2009; Miller et al. 2013), results preceded by the
measurement of McClintock et al. 2006 which predicted
a > 0.98 by using the disk continuum fitting method.
Gravitational wave observations of inspiral, coales-
cence and ringdown of binary black hole (BBH) systems
allows for mass and spin estimates of the components
both before and after the merger. Abbott et al. 2019
estimates that half of the black holes in black hole bi-
nary systems have spin less than 0.27, and 90% have
spin less than 0.55. The first three gravitational wave
events detected have been inferred to have a pre-merger
spin of the primary black hole a ≤ 0.7 for GW150914
and LVT151012 and a ≤ 0.8 for GW151226, while the
final black hole spins are around 0.7 in all three cases
(Abbott et al. 2016). Additionally, Banerjee 2020 finds
that based on the first two LIGO observing runs, the ob-
served black hole population is consistent with a low na-
tal spin population for pre-merger black holes and incon-
sistent with a uniform or high spin population. Still, pre-
merger black hole spins are strongly dependent on the
analysis pipeline and choices of priors for the Bayesian
analysis (Vitale et al. 2017), with some techniques pre-
dicting high spin values (e.g., Zackay et al. 2019a, Zackay
et al. 2019b).
One particularly interesting gravitational wave de-
tected BBH merger is GW190412, for which The LIGO
Scientific Collaboration & the Virgo Collaboration 2020
predict the coalescence of a ∼ 30M black hole with
spin a = 0.43+0.16−0.26 (90% confidence) and an ∼ 8M
secondary. It was argued by Mandel & Fragos 2020
that an alternative explanation for the signal could be
caused by the merger of a near spin-less primary black
hole with a low-mass secondary with a high spin value
(a = 0.88+0.11−0.24), aligned with the orbital angular mo-
mentum. While current gravitational wave measure-
ments cannot distinguish between these these models,
understanding the distribution of spins in the black hole
population in accreting stellar-mass black holes can pro-
vide insight in the formation mechanism of these popu-
lations and yield improved priors for both current LIGO
and future GW observatory detections.
Finally, the NuSTAR spectra require the addition of a
Gaussian line to model a feature that is likely an H-like
Fe XXVI absorption line. The detection of Fe XXVI
without significant He-like Fe XXV requires that the
gas is very highly ionized. Disk winds with high ion-
izations are preferentially detected in systems viewed at
high inclination (e.g., Ponti et al. 2012); given the high
inclinations we have measured in EXO 1846−031, it is
likely that this feature arises in a disk wind. However,
the feature is not measured to be at exactly the same
energy with every model, and some measurements carry
errors that also make it unclear if the absorbing gas is
truly outflowing. In the near future, pairing NuSTAR
with XRISM (Tashiro et al. 2018) will make it possible
to study relativistic reflection and winds simultaneously.
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A. CORNER PLOT
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Figure 5. Corner plot of the reflection component parameters in the baseline mtable{nuMLIv1.mod}*constant*TBabs*
(diskbb+relxill+gaussian) model.
